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1. Introduction
Epoxy thermosets are some of polymers widely
used as structural materials and adhesives in many
industries, such as the aerospace, automotive and
electronics industries, for their reliable mechanical
properties, high heat and solvent resistance. The
distinguishing properties originate from the cross  -
linked chemical structure. However, the crosslinked
structure tends to give low fracture toughness due
to the restricted molecular motion of the polymer
chains. Considerable effort to toughen the epoxy ther-
mosets has been made in the past decades.
Relatively low crosslinked epoxy thermosets can be
toughened by the incorporation of elastomer phases,
but more highly crosslinked epoxy thermosets were
difficult to toughen by the method [1–6]. Therefore,
highly crosslinked epoxy polymer blends modified
with engineering thermoplastic polymers have been
researched [7–11]. The improvement in toughness
depended on the phase morphology of the epoxy
polymer blends. The phase separation occurs during
the reaction process from the initial homogeneous
mixture of the epoxy/thermoplastic blends [12, 13].
The driving force of the ‘reaction-induced phase
separation’ is the elevated free energy of the mix-
ture by the increase in the molecular weight via the
reaction of epoxies and curing agents [12–14]. The
phase sizes of the ‘reaction-induced phase separa-
tion’ were often from sub-micrometers to tens of
micrometers.
In the background, block copolymers (BCPs) have
attracted attention as toughening modifiers for nano  -
structured epoxy blends in the past years [15–37]. It
is well known that the BCPs consisting of chemi-
cally distinct block chains form nano-phase struc-
tures in self-assembly [38–40]. Hillmyer et al. [15]
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© BME-PTand Lipic et al. [16] first reported nanostructured
epoxy blends with the amphiphilic BCPs. Poly (eth-
ylene oxide)-b-poly (ethyl ethylene) (PEO-PEE)
diblock copolymer and poly (ethylene oxide)-b-
poly (ethylene-alt-propylene) (PEO-PEP) diblock
copolymer [15, 16] were synthesized as modifiers for
diglycidyl ether of bisphenol-A (DGEBA) type
epoxy thermosets. Hexagonally-packed cylindrical
core-shell nanostructures were formed in the epoxy
matrix blended with the 25 wt% PEO-PEE diblock
copolymer [15]. In addition, the nanostructure of
the uncured blends (DGEBA/PEO-PEP) was inves-
tigated using small-angle X-ray scattering (SAXS).
By increasing the BCP amounts, the body-centered
cubic packed spheres were changed to hexagonally
packed cylinders, gyroid, and lamellar structures [16].
In-situ SAXS was also examined for an epoxy/
69 wt% PEO-PEP diblock copolymer blend using
an aromatic amine hardener. The phase structure
changed from a gyroid to a lamella structure during
the cure process [16]. Moreover, the same group
synthesized many kinds of BCPs having PEO block
for the epoxy polymer blends. The blends gave sev-
eral nanostructures, such as spherical micelles,
worm-like micelles, and vesicles [17–22].
Ritzenthaler and coworkers [23, 24] studied epoxy/
ABC triblock copolymer blends. ‘Raspberry-like’
(spheres-on-spheres) nanostructures were observed
in the polystyrene-b-polybutadiene-b-poly (methyl
methacrylate) triblock polymer (PS-PB-PMMA)/
DGEBA blends cured with MCDEA (4,4’-methyl-
ene-bis-(3-chloro 2,6-diethyl-aniline). The triblock
copolymer having the increased PB segment showed
‘onion-like’ multilayered morphology in the DGEBA
cured with MCDEA.
Nanostructured epoxy blends with polystyrene-b-
polybutadiene (PS-PB) diblock copolymers were
prepared by Serrano et al. [29]. The MCDEA-cured
DGEBA/PS-PB diblock copolymer blends showed
worm-like micelles and hexagonally-packed cylin-
drical micelles. The phase morphologies depended
on the amount of the BCPs and the degree of epox-
idation in the polybutadiene block.
In our previous study [30], poly (methyl methacry-
late)-b-poly(n-butyl acrylate)-b-poly(methyl methacry-
late) (PMMA-b-PnBA-b-PMMA) triblock copoly-
mers (acrylic BCPs) were synthesized via living
anionic polymerization. The acrylic BCPs were
blended with the epoxy using a wide range of curing
agents. Though aromatic amine (diamino diphenyl
sulphone), acid anhydride (methyl nadic anhydride)
and anionic polymerization catalyst (tris-dimethyl
amino methyl phenol) gave macro-phase separation
in the cured epoxy blends, phenol novolac (PN)-
cured epoxy/acrylic BCP blends gave nanostruc-
tures. Cylindrical micelles (both randomly-dispersed
and regularly-arrayed) and spherical micelles were
observed in the blends. The miscibility between the
PMMA segments of the BCPs and the cured epoxy
was a key factor to make the nanostructures in the
blends. The fracture toughness of the epoxy/acrylic
BCP blends having the nano-cylindrical structures
was 2530 J/m2. The toughness was twenty-fold
compared to the unmodified epoxy thermoset.
In the literatures by Bates and coworkers [15, 16,
18, 20–22], nanostructures were generated via ‘self-
assembly’ mechanism of epoxy/BCP blends. In
other words, the nanostructures were pre-formed
before the curing reaction of the blends, and were
fixed by the network formation after the curing. On
the other hand, Zheng and coworkers [31–34] showed
that the nanostructures of the epoxy/BCP blends
can be also generated via the ‘reaction-induced
phase separation’. In this case, it is not required that
BCPs generate the nanostructures in self-assembly
prior to the curing reaction; all the BCPs may be
miscible with the thermoset precursors [34]. The
formation of the nanostructures is due to the phase
separation of the thermoset-phobic blocks of the
BCPs from the matrix blends in the curing process
[34]. Recently, Romeo et al. [37] reported that the
cure cycle determined the types of the nanostruc-
tures of a DGEBA/PS-b-PMMA BCP blend, in which
the nanostructures were generated via ‘reaction-
induced phase separation’. The difference of the
mechanisms of the phase formation would have big
effect on the stability of the nanostructures. Although
various nanostructures were reported using many
types of the epoxy/BCP blends, to the best of our
knowledge, there are only limited literatures on the
stability of the nanostructures in relation to the cur-
ing reaction rate. This is very important issue to be
discussed in both scientific and industrial view-
points.
The objective of the present study is twofold: (i) to
find the key parameters to determine the nanostruc-
tures of the cured epoxy/acrylic BCP blends. The
block composition and the molecular weight of the
PMMA-b-PnBA-b-PMMA triblock copolymers were
systematically controlled by living anionic poly-
                                                   Kishi et al. – eXPRESS Polymer Letters Vol.9, No.1 (2015) 23–35
                                                                                                     24merization, and the morphologies of the DGEBA
blends were examined. (ii) to examine the effect of
the reaction rate on the nanostructures using the
each composition of the epoxy/acrylic BCP blends.
From the results, the phase diagram of the epoxy/
acrylic triblock copolymer blends will be proposed.
2. Experimental procedure
2.1. Materials
The epoxy thermoset used in this study was digly-
cidyl ether of bisphenol-A (DGEBA), jER828
(epoxy equivalent weight: 189 g/eq., provided by
Mitsubishi Chemical Co. Ltd., Japan). Phenol
novolac (PN, hydroxyl group equivalent weight:
105 g/eq., provided by Sumitomo Bakelite Co.,
Ltd., Japan) was utilized as the curing agent. Tri
phenyl phosphine (TPP, produced by Tokyo Chem-
ical Industry Co. Ltd., Japan) was applied as a cata-
lyst with the PN. Several types of PMMA-b-PnBA-
b-PMMA triblock copolymers (acrylic BCPs) were
synthesized by living anionic polymerization (pro-
duced by Kuraray Co. Ltd., Japan), and were applied
as the modifiers for the epoxy blends. The molecu-
lar weight of the acrylic BCPs and the composition
(the ratio of the PnBA in the acrylic BCPs) were
systematically controlled. The PnBA block chain is
the segment which is immiscible with the PN-cured
DGEBA type epoxy thermosets [30]. The character-
ization of the BCPs is shown in Table 1 in detail.
Also, the chemical structure of the BCPs is shown
in Figure 1.
2.2. Size exclusion chromatography
The molecular weight distributions of the BCPs
were determined using size exclusion chromatogra-
phy (SEC, PU-2080 HPLC system using JASCO-
Borwin-GPC program), which was equipped with
two connected columns of Shodex LF-804. Tetrahy-
drofuran (THF) was used as the solvent. The aver-
age molecular weights were calibrated by mono-
dispersed polystyrene standards.
2.3. Preparation of cured thermosets
The DGEBA/acrylic BCP systems were cured by
the following procedure. First, the BCP was mixed
with the DGEBA at room temperature. The mixture
was heated while being stirred in an oil bath at
200°C for 30 min in order to dissolve the BCP in the
DGEBA. After the mixture was cooled to below
100°C, the stoichiometric quantities of PN and a
small amount [0.05–2.0 parts per hundred parts of
resin (DGEBA+PN): phr] of TPP were added to the
mixture and degassed. The mixture was cast into a
pre-treated mold with a release agent. The curing
condition is shown in Table 2. The gel time was
measured during the pre-curing step at 120°C for
the thermoset compositions by using the method
described in the section 2.5. After this procedure,
the oven was switched off and the cured polymers
were allowed to cool slowly to room temperature.
2.4. Microscopic observation
2.4.1. Transmission Electron Microscopy (TEM)
Thin sections of the cured polymers were cryo-
microtomed at –80°C. The setting thickness was
40–50 nm. The microtomed thin sections of the
cured polymers were stained by vapor of RuO4 and
observed by a transmission electron microscope
(TEM: HITACHI H-800NA, Japan) with 100 kV as
the acceleration voltage.
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Figure 1. Chemical structure of PMMA-PnBA-PMMA tri-
block copolymers (BCPs)
Table 1. Weight-average molecular mass (Mw), PnBA con-
tent and polydispersity of PMMA-PnBA-PMMA
triblock copolymers (BCPs)
No. of BCP
Molecular mass
Mw
PnBA in BCP
[wt%]
Mw/Mn
BCP50-6 64 000 50 1.19
BCP68-6 60 000 68 1.25
BCP77-7 72 000 77 1.19
BCP70-3 26 000 70 1.07
BCP69-13 132 000 69 1.31
BCP79-11 105 000 79 1.43
Table 2. Curing conditions and gel times of DGEBA/
acrylic-BCP blends cured with PN (catalyzed by
TPP)
Amount of TPP
[phr]
Gel time
[min]
Curing condition
2.0 5
120°C 2 h + 150°C 2 h 1.0 8
0.5 15
0.05 150 120°C 4 h + 150°C 2 h2.5. Evaluation for gel time of the epoxy/BCP
blend
The time dependencies of the viscoelastic proper-
ties (storage modulus: G! and loss modulus: G") of
the DGEBA/BCP/PN blends were evaluated by
dynamic mechanical analysis (DMA) in shear mode
between two parallel plates (Rheosol-G5000, UBM
Co. LTD, Japan). The diameter of the parallel plates
was 25 mm, and the gap between the two plates was
2.5 mm. The dynamic frequency was 1 Hz and the
amplitude was 0.01°. The tests were conducted at
120°C. The gel time was defined at the time when
the line of G! and the line of G" intersected.
2.6. Glass transition temperature, Tg,
measurement for BCPs
Glass transition temperatures of BCPs were deter-
mined using differential scanning calorimetry (DSC
6200, Seiko Instruments, Inc., Japan). Measurements
were performed at a scanning rate of 40°C/minute.
Mid-point Tg values were recorded.
2.7. Ultra small-angle X-ray scattering
(USAXS)
In order to evaluate the phase separated structures
of the cured epoxy/BCP blends, ultra small angle
X-ray scattering (USAXS) measurements were con-
ducted at the BL03XU beamline at SPring-8 (Hyogo,
Japan) with the approval of JASRI (Proposal No.
2010B7206). The X-ray wavelength was 0.2 nm,
and the distance between the sample and the detec-
tor (Imaging Plate) was ca. 6000 mm. The exposure
time was 10 sec.
3. Results and discussion
3.1. Phase structures of cured
epoxy/PMMA-PnBA-PMMA triblock
copolymers
First, the effect of the ratio of PnBA in the BCPs
was examined in terms of the nanostructures of the
cured epoxy (DGEBA)/BCP blends. Three types of
the BCPs (BCP50-6, BCP68-6, and BCP77-7) were
compared as the modifiers for the epoxy blends.
The PnBA ratios in the BCPs were 50, 68, and 77%,
respectively. Figure 2 (10 wt% BCP in the blends)
and Figure 3 (20 wt% BCP in the blends) show the
phase structures (TEM photographs) of the DGEBA/
BCP blends. As had been clarified in our previous
paper, the relatively dark phases consist of the
PnBA stained by RuO4, and the bright matrix mainly
consists of the epoxy thermoset [30].
The cured blends of the DGEBA/BCP50-6 (ie. 50%
PnBA in the BCP) showed spherical nano-micelles
composed of the PnBA, in both cases of the 10%
BCP blend and the 20% BCP blend. The cured
blends of the DGEBA/BCP68-6 (ie. 68% PnBA in
the BCP) showed cylindrical nano-micelles, in both
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Figure 2. Effect of the PnBA content in the acrylic BCPs on
the phase structures of DGEBA/10 wt% acrylic
BCP blends cured with PN (catalyzed by 0.5 phr
TPP): a) DGEBA/BCP50-6 (PnBA content in the
BCP: 50 wt%), b) DGEBA/BCP68-6 (PnBA con-
tent in the BCP: 68 wt%), c) DGEBA/BCP77-7
(PnBA content in the BCP: 77 wt%)the cases of the 10% BCP blend and the 20% BCP
blend. Figure 4 shows the magnified image of the
20% BCP68-6 blend. The diameter of the cylindri-
cal micelles was about 20 nanometers. The branched
micelles were dispersed randomly and partially con-
nected to each other in 3-dimensional directions.
And the cured blends of the DGEBA/BCP77-7 (ie.
77% PnBA in the BCP) gave nano-micelles of
‘curved lamella’, in the both the cases of the 10%
BCP blend and the 20% BCP blend, as shown in
Figures 2c and 3c. The ‘curved lamella’ micelles
were 3-dimensionally continuous in the whole
observed area.
Dean et al. [21] clarified that the methylenediani-
line-cured DGEBA/PEO-PB block copolymer blends
showed phase transition from spherical micelles to
wormlike micelles and finally to vesicles, as the
volume fraction of the epoxy-miscible block
decreased [21]. The interfacial curvature could be
determined by the geometrical constraints of the
block copolymers, balancing the competing factors,
such as achieving a constant density of the polymer
chain and minimizing the chain stretching [15, 16,
21]. Although the types of the phase structures in
the present study were different from theirs, the
basic rule determining the interfacial curvature was
similar. Namely, the interfacial curvature of the
phase structures decreased as the ratio of the epoxy-
immiscible block increased (i.e. the ratio of the
epoxy-miscible block decreased), from spherical
micelles to branched cylindrical micelles, and to
‘curved lamella’ micelles.
Next, the effect of the molecular weight of the BCP
was also examined in terms of the phase structures
of the epoxy blends. The molecular weights of the
BCPs were changed from 26 000 to 132 000. In the
meantime, the PnBA ratio of the BCPs was main-
tained at 68–70 wt%. Therefore, the effect of the
molecular weight of the BCPs could be extracted.
Figure 5 (10 wt% BCP in the blends) and Figure 6
(20 wt% BCP in the blends) show the phase struc-
tures (TEM photographs) of the epoxy/BCP blends.
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Figure 3. Effect of the PnBA content in the acrylic BCPs on
the phase structures of DGEBA/20 wt% acrylic
BCP blends cured with PN (catalyzed by 0.5 phr
TPP): a) DGEBA/BCP50-6 (PnBA content in the
BCP: 50 wt%), b) DGEBA/BCP68-6 (PnBA con-
tent in the BCP: 68 wt%), c) DGEBA/BCP77-7
(PnBA content in the BCP: 77 wt%)
Figure 4. Phase structure (higher magnified image) of
DGEBA/20 wt% BCP68-6 blend cured with PN
(PnBA content in the BCP: 68 wt%, Mw of the
BCP = 60 000). Note the nano-cylinders were
branched in random directions.Figure 5b and Figure 6b show the blends of the
BCP68-6 with the molecular weight of 60 000,
which were explained as in Figure 2b and Figure 3b.
Figure 5c and Figure 6c show the blends of the
BCP69-13 with the molecular weight of 132 000.
The blend of 10% BCP69-13 in Figure 5c showed
spherical nano-micelles. The blend of 20% BCP69-
13 in Figure 6c showed arrayed cylindrical micelles
which were dispersed regularly in an epoxy-rich
matrix, similar to the phase structure in our previous
paper [30]. Moreover, the phase separated structure
of the cured 20% BCP69-13 blend was examined
by the USAXS measurement. Figure 7a shows the
azimuthally integrated USAXS intensity against
scattering vector q. The scattering profile is the result
from both the structure factor and the form factor of
the phase separated BCP blend. The first order
peak, which can be assigned to the structure factor
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Figure 5. Effect of the molecular weight of the acrylic BCPs
on the phase structures of DGEBA/10 wt% acrylic
BCP blends cured with PN (catalyzed by 0.5 phr
TPP): a) DGEBA/BCP70-3 (Mw of the BCP:
26 000), b) DGEBA/BCP68-6 (Mw of the BCP:
60 000), c) DGEBA/BCP69-13 (Mw of the BCP:
132 000)
Figure 6. Effect of the molecular weight of the acrylic BCPs
on the phase structures of DGEBA/20 wt% acrylic
BCP blends cured with PN (catalyzed by 0.5 phr
TPP): a) DGEBA/BCP70-3 (Mw of the BCP:
26 000), b) DGEBA/BCP68-6 (Mw of the BCP:
60 000), c) DGEBA/BCP69-13 (Mw of the BCP:
132 000)from the phase structure, was indicated by the left
arrow. The inset in the Figure 7a corresponds to the
two-dimensional image of the scattering, and pres-
ents the strongly oriented phase structure. Figure 7b
shows the section cut from the perpendicular direc-
tion of the same blends in Figure 6c, which indi-
cates the cross-sections of the packed cylindrical
micelles. The estimated distance of the micelles
from the first order peak in the Figure 7a was about
75 nm, which is consistent with the TEM images
showing the hexagonally packed cylindrical micelles.
As will be discussed later, the anisotropic phase
structure could be created by the growth of the ini-
tial phase structure due to the thermodynamic repul-
sion between the epoxy matrix and the PnBA seg-
ment which is immiscible with the epoxy matrix.
The immiscibility is also the source that the form
factor is pronounced. It was confirmed from the
USAXS measurements that all the epoxy/BCP
blends possessed the nanostructures which were
indicated from the TEM observations.
Figures 5a and 6a show the cured blends of the
DGEBA/BCP70-3 (the molecular weight: 26 000).
Please note the magnification of these photographs
is 10 times lower than the others in Figures 5 and 6.
Both the 10% BCP70-3 blend and the 20% BCP70-3
blend had macro-phase separation in micrometer-
sizes. A plausible reason for the macro-phase sepa-
ration of the DGEBA/BCP70-3 blends would be in
the poor ability of the low molecular-weight BCP to
stabilize the nanostructure. The phase sizes in Fig-
ures 5a and 6a were similar to those of the epoxy
blends which were formed by the reaction-induced
phase separation [12–14]. This suggests that the
PMMA blocks in the low molecular-weight BCP
were separated from the epoxy matrices in the cur-
ing process. The demixing of the PMMA block
would be the trigger to make the macro-phase via
reaction-induced phase separation. Moreover, the
Tgs of the BCPs themselves were measured by DSC
to examine the properties of the blocks. In general,
the PMMA-b-PnBA-b-PMMA triblock copolymer
shows two Tgs, assigned to the PMMA block chain
and the PnBA block chain. In fact, the BCP68-6 and
the BCP69-13 had two Tgs at –40 and 120°C. The
first Tg (–40°C) can be assigned to the PnBA block
chain, and the second Tg (120°C) can be assigned to
the PMMA block chain. However, the Tgs of the low
molecular-weight BCP70-3 were different from
these two. Namely, the Tgs of the BCP70-3 were at
–25 and at 40°C, which indicated that the properties
of the block chains with low molecular-weight was
clearly different from those with high molecular-
weight. These results also suggest that the low molec-
ular-weight PMMA block of BCP70-3 would not
have same ability to stabilize the nano-phase struc-
tures in the epoxy/BCP blends, in comparison with
the high molecular-weight PMMA block in other
BCPs. The ability to stabilize the phase separation
would be a key factor in the creation of periodical
nano-phase structures in the epoxy/BCP blends, as
well as the miscibility-immiscibility of the block
chains to the matrix polymer [30].
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Figure 7. a) Azimuthally integrated USAXS profile for the PN-cured DGEBA/20 wt% BCP69-13 blend. The inset in the
figure shows the corresponding two-dimensional images. b) Cross-section of the 20 wt% BCP blend in Figure 6c,
which was cut from the perpendicular direction and observed by TEM. Both the USAXS profile and the TEM
images suggest that the blend has the hexagonally packed cylindrical micelles.3.2. Influence of the reaction rate on the phase
structures and the phase diagram of
cured DGEBA/PMMA-PnBA-PMMA
triblock copolymers
In general, the morphology of the epoxy/thermo-
plastic polymer blends having a ‘reaction-induced
phase separation mechanism’ is not determined at
the thermodynamically stable state [12, 13]. It is
often affected by the curing reaction rate, because
the progress of the phase separation of the blends
could be frozen by the cross-link formation of the
epoxies and curing agents. The final phase struc-
tures depend on the kinetics between the reaction-
induced phase separation and the fixation of the
phase structure by the cross-link formation. There-
fore, the phase structures of each epoxy/acrylic
BCP blend were reexamined, in terms of the effect
of the reaction rate (gel time). To be specific, the gel
time of the epoxy blends at 120°C was altered from
5 to 150 minutes by only slightly changing the amount
of the catalyst (TPP), while keeping the main com-
position of the DGEBA/acrylic BCP/PN.
Figure 8 shows the case of the DGEBA/BCP69-13
(10 wt%) blends. The phase type was spherical
nano-micelles, and the phase type and the phase
sizes were maintained, irrespective of the gel times.
Figure 9 shows the case of random cylindrical nano-
micelles of the DGEBA/BCP68-6 (10 wt%) blends.
This also indicated that the changes of the phase
types and the phase sizes were not observed, irre-
spective of the gel times. Figure 10 shows the case
of hexagonally packed cylindrical micelles of the
DGEBA/BCP69-13 (20 wt%) blends. The type of the
nano-structure was roughly kept. However, the align-
ment of the cylinders in the blends with a gel time
of 5 min was not sufficient. The alignment of the
cylinders progressed according to the delay of the
gel time. Figure 11 shows the case of the ‘curved
lamella’ micelles of the DGEBA/BCP79-11 (20 wt%)
blends. Roughly speaking, the type of the nano-
structure was maintained, but the alignment of the
lamella progressed, with the delay of the gel time. It
can be summarized that the details of the phase struc-
tures having anisotropic nature could be affected by
the reaction rate though the thermodynamics was
the main driving force for leading a stable state in
each phase structure.
                                                   Kishi et al. – eXPRESS Polymer Letters Vol.9, No.1 (2015) 23–35
                                                                                                     30
Figure 8. Influences of curing reaction rate (gel time) on the phase structures of the DGEBA/BCP69-13 (PnBA content in
the BCP: 69 wt%) blends cured with PN. Content of the BCP in the blend: 10 wt%. Gel time at 120°C: (a) 5 min,
(b) 8 min, (c) 15 min, (d) 150 min.                                                   Kishi et al. – eXPRESS Polymer Letters Vol.9, No.1 (2015) 23–35
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Figure 9. Influences of curing reaction rate (gel time) on the phase structures of the DGEBA/BCP68-6 (PnBA content in the
BCP: 68 wt%) blends cured with PN. Content of the BCP in the blend: 10 wt%. Gel time at 120°C: (a) 5 min,
(b) 8 min, (c) 15 min, (d) 150 min.
Figure 10. Influences of curing reaction rate (gel time) on the phase structures of the DGEBA/BCP69-13 (PnBA content in
the BCP: 69 wt%) blends cured with PN. Content of the BCP in the blend: 20 wt%. Gel time at 120°C: (a) 5 min,
(b) 8 min, (c) 15 min, (d) 150 min.On the other hand, the types of the nanostructures
were maintained in this study, irrespective of the gel
time, under the condition of keeping the main com-
position of the blends. Specifically, the phase struc-
tures in the PN-cured DGEBA/acrylic BCP blends
were roughly determined from the compositions of
the blends. This is probably because the seeds of the
nanostructures already existed in the blends before
the start of the reaction of epoxy and PN [15, 16].
Figure 12 is the initial SAXS profile for the DGEBA/
20 wt% BCP69-13 blend which is just reaching
120°C. This is the evidence to show the existence of
the seeds of the cylindrical nanostructure before the
curing. Of course, the USAXS results do not mean
that there was no change in the phase structures in
the curing process. In-situ SAXS analyses during
the curing process are necessary to verify the details
of the structure change of the DGEBA/acrylic BCP
blends, which will be clarified in the next paper.
However, the USAXS results (Figure 12) indicated
clearly that the nanostructure existed before the cur-
ing. The seeds of the nanostructures were formed
via ‘self-assembly’ mechanism, not formed via ‘reac-
tion-induced phase separation’ mechanism. Mean-
while, Romeo et al. [37] reported that the cure cycle
affected the types of the nanostructures of a DGEBA/
PS-b-PMMA BCP blend which were formed via
‘reaction-induced phase separation’. The selected
blend in the literature firstly made a homogeneous
solution before the curing, and phase-separated in
the curing process. The ‘reaction-induced phase sep-
aration’ would be favorable in terms of giving the
versatile morphologies of the epoxy/BCP blends by
changing the cure cycle. On the other hand, the
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Figure 11. Influences of curing reaction rate (gel time) on the phase structures of the DGEBA/BCP79-11 (PnBA content in
the BCP: 79  wt%) blends cured with PN. Content of the BCP in the blend: 20 wt%. Gel time at 120°C:
(a) 5 min, (b) 8 min, (c) 15 min, (d) 150 min.
Figure 12. USAXS profile for the DGEBA/20 wt% BCP69-
13 blend just reaching 120°C (before the curing).
The profile suggests the hexagonally packed
cylindrical micelles.experimental results obtained in our study may sug-
gest the advantage of the ‘self-assembly’ system in
terms of giving robustness of the nanostructures of
the epoxy/BCP blends, against the change of the
curing conditions.
As the final stage of the present paper, we tried to
describe a phase diagram of the PN-cured DGEBA/
PMMA-b-PnBA-b-PMMA triblock copolymer
blends, as shown in Figure 13. The horizontal axis
shows the amount of the PnBA block chain in
whole blend polymers, and the vertical axis shows
the molecular weight of the PnBA block chain of
the BCPs. The phase diagram described the regions
of nano-spheres, hexagonally packed cylinders,
curved lamellae, randomly dispersed cylinders, and
the macro phase separation. The PnBA block chains
of the BCPs were immiscible with the PN-cured
DGEBA [30]. Namely, it can be summarized that the
nanostructures of the PN-cured DGEBA/PMMA-b-
PnBA-b-PMMA triblock copolymer blends were
controlled by the molecular weight of the immisci-
ble PnBA-block chain and the ratio of the PnBA in
the blends. The information could become the basis
to control the morphology and the mechanical prop-
erties of the DGEBA/acrylic BCP blends.
4. Conclusions
Nanostructures of DGEBA/PMMA-b-PnBA-b-
PMMA triblock copolymers (acrylic BCPs) were
studied. Several nanostructures, such as spheres,
cylinders (hexagonally-packed or randomly-dis-
persed), curved lamellae, were observed in the cured
epoxy blends using a transmission electron micro-
scope. It was found that the nanostructures were
controlled by the molecular weight of the immisci-
ble PnBA-block chain and the ratio of the PnBA in
the blends. Moreover, the effect of the gel time to
the nanostructures in the blends was examined by
altering the trace amount of the catalyst. When the
compositions of the epoxy blends were maintained,
the types of the nanostructures were almost always
maintained, irrespective of the difference of the gel
time. The USAXS results indicated clearly that the
nanostructures existed before the curing. The seeds
of the nanostructures were formed via ‘self-assem-
bly’ mechanism, not formed via ‘reaction-induced
phase separation’. From these experimental results,
a phase diagram of the cured DGEBA/acrylic BCP
blends was proposed.
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